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A 65-kb region of DNA frt>m Streptomyces viridochromogenes TG57, containing genes encoding proteins 
involved in the biosynthesis of avflamycins, was Isolated- The DNA sequence of a «.4-kb fragment from this 
region revealed four open reading frames (ORF1 to ORF4), three of which are fally contained within the 
sequenced fragment. The deduced amino add sequence of AviM, encoded by ORE2, shows 37% identity to a 
6-methylsaUcyUcacid synthase from PenicUUum patuhim. Cultures of S. Uvidans TK24 and S. coelicolor CH999 
containing plasmids with ORE2 on a 5^-kb Pstl fragment were able to produce orsellinic acid, an unreduced 
version of ^methylsalicylic add. The amino add sequence encoded by ORES (AviD) is 62% identical to that 
of StrD, a dTDP-glucose synthase from S. griseus. The deduced amino add sequence of AviE, encoded by ORF 4, 
shows 55% identity to a dTDP-glucose dehydratase (StrE) from S. griseus. Gene insertional inacrfvation 
experiments otariE abolished avilamycin production, indicating the involvement of aviE in the biosynthesis of 
avilamycins. 



The avilamycins (Fig. 1), which are produced by Streptomy- 
ces viridochromogenes T057, are oligosaccharide antibiotics 
and belong to the orthosomydn group of antibiotics (10). 
Avilamycins as well as other important members of the ortho- 
sonrytins contain a dicMoroisoeverninic add moiety, as well as 
one or more orthoester linkages which are associated with 
carbohydrate residues (35). The compound SCH27899 shows 
excellent activity against gram-positive bacteria (22, 32) and is 
presently being tested for possible use against human infec- 
tious diseases (31, 37). Avflamycins inhibit the growth of gram- 
positive bacteria, and avilamycin A is a translation inhibitor 
binding to the 30S ribosomal subunit (34), but the exact mode 
of action of the avilanrycins is not known, Avilamycins are used 
as an additive for animal breeding (MaxusG; Eli Lilly, Bad 
Homburg, Germany). 

Few genetic studies have been earned out on the biosynthe- 
sis of orthosomydns. In 19952, Bergb and Uhlen (5) described 
the dotting and analysis of a polyketide synthase encoding 
gene cluster of & curacoi, the producer of curamycin. The 
isolated gene duster may be involved in the biosynthesis of 
curanrycin or possibly in the biosynthesis of a spore pigment 
Besides polyketide synthase genes, no other genes of this clus- 
ter were described. We recently reported a PCR method to 
amplify gene fragments coding for deoxynudeoside diphos- 
phate (dNDP>glucose 4,6-dehydratases (11), which are in- 
volved in the formation of 6-deoxyhexose moieties of different 
antibiotics (24). A PCR fragment was obtained by using chro- 
mosomal DNA from S. viridochromogenes TQ57 as the tern- 
plat . The deduced amino add sequence of th fragment re- 
vealed similarity to known dNDP-glucose dehydratases (11). 
We have now used this PGR fragment as a probe to screen a 
cosmid library. On a cosmid hybridizing to the probe, three 
genes (aviD f aviE, and aviM) were detected. The disruption of 
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aviE affected avilamycin production. Expression of the multi- 
functional gene aviM in S. Uvidans TK24 or S. coelicolor CH999 
resulted in the production of orsellinic add. These data con- 
firm that the doned genes are part of the avilamycin biosyn- 
thetic gene cluster. 

MATERIALS AND METHODS 

Bacterial strains, plasmids, and materials. £ viridochromogenes T057 and £ 
Svidans TK24 were obtained from the culture collection of H. ZSnner and W. 
Wohlleben, Urdveority of TObingen (TObingen, Germany). £ cocBcolor CH999 
was from D. A. Hopwood (Norwich, United Kingdom). Cosmid pOJ446 (7) was 
obtained from B. E. Schoner (Lffiy Research Laboratories, Indianapolis, Ind.). 
Plasmid pWHM3 (33) was obtained from H. Decker (Hoechst, Frankfurt, Ger- 
many). Plasmid pBluescript-SK" (pSK~) was from Stratagene (Heidelberg. Ger- 
many). Mediom components were purchased from Difco Laboratories (Detroit, 
Mich.), soya flour was purchased from Hartge Ingredients (Hamburg, Germany), 
and restriction enzymes were purchased from Amersham Life Science (Buck- 
inghamshire, United Kingdom); Aprarrr/cin and avuanrydns were a gifi from Eli 
Ulry.carbeaicfflm was from Ito^ 

Fhika (Neu Uhn, Germany), and thiostrepton was from Sigma (Deisenhofen, 
Germany). All other chemicals were from Roth. 

Culture conditions. S. viridochromogenes TQ57, £ coelicolor CH999, and £ 
Uvidans TK24 were maintained on HA medium containing 1% malt extract, 0.4% 
yeast extract, 1.6% agar, 0A% glucose, and 1 mM CaCfe (pH 7.2) at 28°C (& 
vuidochromogaies Tu57 at 2>TQ For the production of avilamycins, spores of S. 
viridochromogenes T057 were transferred to NL19+ medium containing 2% 
rnanoitol 2% soya flour, and 20 mM L-valine (pH 7.2) and grown at 28°C in 
500-ml baffled flasks.fiHed.with 100 ml of medium at 180 rpm. For the production 
of orsellinic acid, strains were grown on R5 agar plates for S days (4, 17). For the 
preparation of protoplasts, 51 viridcrchromogenes TQ57 was cultivated in a mod- 
ified S medium containing 0.4% peptone, 0.4% yeast extract, 0.4% KjHPO* 
02% KHjPO* and a75% L-g!ycine (23) for 50 h. For protoplast preparation, & 
Uvidans TK24 and 51 coeSeohr CH999 were grown in liquid R2YE for 30 h 
according to the standard procedure (17). All protoplasts were regenerated on 
R2YE medium. General methods for the cultivation ^Escherichia coU XL1- 
Blue-MRF* were as previously described (27). Tmostrepton (a025 mg/ml). car- 
benicfliin (a05 mg/ml), aprarnydn (OjOS mgM), and erythromycin (0.05 mgftnl) 
were used for selective growth of recombinant strains. 

DNA isolation, manipulation, and cloning. Plasmid isolation, DNA endonu- 
dease restriction analysis, ligation, and transformation were done by standard 
procedures (17, 27). Large-scale E. coU plasmid DNA was isolated with the 
Nudeobond AX100 kit (Macherey and Nagel, Duron, Germany). Genomic DNA 
of S. viridochromogenes T057 was isolated as described by Altenbuchner and 
OiUum (1); For the construction of a cosmid library from 51 viridochromogenes 
TS57, chromosomal DNA was partially digested with 5au3A, and fragments of 25 
to 40 kb were Heated into the BamHl site of cosmid oOJ446. DNA was packed 
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tSSS^t wntainmg pMSWJ were grown for 5 d^ys on R5 medium an. 
extracted with an equal volume of methanol. The solvent was remmJTJ. 
vacuum, and the prcxruct was ^suspended in ethyl .^T^oShve^ 
. ... , earactedwith 1% aqueons Na 2 CO,. The aqueZ phase waa^hKrK 

c in vacuum, and oiseUmic add waj detected by TLCfsee abnve^ n^rfSJ-!-! 

turned red after treatment with anis^byde soS^For^ nS^tf' 
Ution of oMc acid, 20 agar phtea^CS^O^'SS R' 

methanol. The ateatwa* removed, and the product was resuspended m200 m' 
After extraction with 200 ml oHutfa^S 

2££L ^iJ^/°iT n a ^ usted to 2 to 3, and oneUinic add w£ 
extracted with 400 ml of ethyl acetate. The solvent was removed, andoreSua^ 
were resuspended in 10 ml of methanoL Further prni&aZ^ 
%*P™™™ -on silica gd, using dichlormethan^X^fcldT?^ 

Nncteotld^seqoence accession number. The nucleotide sequence date re. 
£S£ £ ta the EMBL nucleotide 5^KSK2 



FIG. L SiActuxeof^YilainycmA. 



into phages by using the Gfeapack Packaging Extract Goid system from Strat- 
agene. The phages were used to transduces coB XLl-Bme-MRF. For screen- 
ing of the cosmid library, a CNA fragment obtained by PCR amplification (11) 
^yf^ M * probe. The probe was labeled with digoxigenin (DIG) by using a 
y^ 1 **^^ Jy^B^lteMDiMfaafci^ Germany). Colony and 
S*r^^ N nylon membranes (Am- 

ersham) according to standard protocols (27). 

Semjencing. £^ seo^ueoi^ was pertbrrned on douWe-stranded templates 
(subclones in pSJC) by the cUdeoxynudeotide chain terminatibn mcthod/using 
j Thermo Seqnenase core sequencing lot with 7-deaza-dGTP (RPN2440) rrotn 
,^e^ ,pynain^ stand, were sec^enced with 

stondard prmers (T3, 17, M13 reverse, and M13 forward) or with faiernal 
cJ^onudeptWe prm^ 

on an Applied Biosystems sequencer (mode! 377). ; 

Coaiputersasslsted sequence analysis. Ctomputer-assisted sequence analysis 
wascarried putbynsh^tl^PN^^sc^wam package (version 2, lWrHitachi 
%*^f2g!!^$ ^nBruno, Odif.). BlastXarjaJyses(2) were ninwith|he 
GenBaiikax: translate 

i^J^J' 0ften readin S ftames were identified by using the OODONPREF-' 
ERENCE program (12). :"\7 • • ; iy>: ^ 

- ia **** n tto* of «*R To determine whether &tE a involved fa 

avflamycm wc^rnthea^ 



|ene was snbcfcmed *ito pSK" which had been restricted with Ecotil and 
BamHL Into an internal SnaBl site of the 1.4-kb fragment, a L6-kbw4cc65I 
framnent from 004026 (6, 30) carrying the amE gene was subdoned to create 
pDesery .Integration of pDesery~mto the chromosome 
TQ57 was carried omjjy pc^e^ene gjycotoduced protoplast traiisformatic* 
(17). Approximately 15 u,g of smgle-stranded plasmid DNA, obtained by alkaline 
treatment, was used for trarjsformation (16). ^ 7 

Exprt^onoftbeoreeJlinfcacid 
TK24. A 5 J-kb Pxtl fragment containing the entire aviAf gene was cloned into 
PWHM3. The fragment was inserted in both orientations to give 
either MSS4.3 (transcribed from the promoter of the thiostrepton resistance 
gene of pWHM3) or MSS45 (opposite orientatioD). These constructs were used; 
to transform S. coeBcpfy CH999 tad S. Bindans TSOA. 

Detection of avilamycins. Cultures (400 ml) oiS. vindochromegsnes TQ57 and 
rnutanls obtamed by in^^ 

NU9-f- medium and harvested by centrirugation. The medium was extracted 
with an equal volume of ethyl acetate, and cells were extracted with an equal 
volume of methanoL Ethyl acetate and methanol were removed under vacuum, 
and the products were combined and resuspended in a small volume of metha- 
nol The crude product was chromatographed on a Sephadex LH20 column with 
methanol as the solvent Fractions were analyzed by thin-layer chromatography 
(TLQ analysis on silica plates (Merck, Darmstadt, Germany) with CH 2 a 2 - 
methanol (9:1). Developed plates were sprayed with anisaldehyde solution (1% 
awsaldehyde in metbanoi^cetic add-sulruric add [&L1]) and heated to 120"C 
for 5 mm. The avilamycins turned black Further analysis was carried out by 
hi^ix^rmaiicel^uid chromatography (HPLQ with a diode array detector, 
usmgaNudeosil 100 C, 8 column (5 urn) and a linear gradient (15 rnin) from 0 
£ ^™^ 0Ctoni ? riIe fa W« aqueous phosphoric acid (flow rate, 2 ml/mm) (9, 
14, 21). The mmrnial detectable concentration of avilaraydn A was 0.01 mg/liter 
of medium. Extracts were also assayed for avilamydns by the agar diffusion 
te<Anique,usmgJfra/tor^ 7 ^ 



RESULTS 

Scrying of a cosmid Ubrary for the putative art lamycin 
biosynthebc gene cluster. A cosmid Ubrary from 51 viridochro- 
mqgenes Tu57 DNA was prepared, and approximately 2,000 
colonies were probed by colony hybridization using an internal 
fragment of a dNTP-ghicose dehydratase gene as a probe. 
This {wobe^had been derivediby amph^tton using 
gnomic DNA of & yindochrompgenes TQ57 as a template 
i h I? colonies hybridized to the probe. Cosmid DNA iso- 
lated from these colonies was analyzed by restriction mapping 
and Southern hybridization expOTments. All cosmids con- 
ned overlapping DNA encompassing m a total of approxi- 
mMc^65^ofS,widoc^ TC57genornicDNA. One 

; cosmid, F4, ^ was used for further restriction mappin? and se- 
quencing (Fig 2): 5 a* 

4,f>dehydfatase gene is thought tb be invdved in the biosyn- 
Jte&k \ 6f 'dtimgd^ (24). It might 

therefore be expected that genes encoding biosynthetic en- 
zymes for avilamycins would bcair clustered with the dNDP- 
glu<x>se ^ 4 > 6Hdehydratase gene. A 6.4-kb DNA fragment con- 
taining the dehydratase gene (fragment I jpFig. 21) was 
fenced. JWthin this segment, four open reading frames 
(OKFs) with the characteristics of Streptomyces genes (overall 
G+C content, 71.5%; high bias toward G and C in the third 
codon position) were identified. All four ORFs are transcribed 
in the same direction. One ORF is truncated, whereas the 
other three are hilly contained within the sequenced fragment 
The region between ORF2 and ORF3 is very rich in AT, and 
^^3)^ ViCWCd a p0SSibte promoter sequence (8, 
Deduced fancUons of the proteins, the gene product of 
?£Slte?if$ hoino, ogy to DpsC from S. peucetius 
ATCC 29050 (15) and to ORFC from Streptomyces sp. strain 
C5 (36). The exact functions of these genes, which are involved 
in the biosynthesis of doxorubicin and daunomycin, respec- 
tivefy, are not known. However, it has beeffipeculated that 
DpsC is involved in selecting propibnyl coenzyme A (propio- 
ityl-CoA) as the starter unit for daunorubicin biosynthesis (26). 
The deduced amino acid sequence encoded by aviM (ORF2) 
exhibits similarity to type I polyketide ^nthases. The highest 
was found for a ^methylsalicyiic acid synthase 
(MSAS) from PenidlUum patulum (3) (37% identity). A con* 
parison between th amino acid sequ nces encoded by aviD 
aod, strD from S. grisewi reveals 62% identity, suggesting that 
aviD encodes a dTDP-elncose svntha.^ The 
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. " \ HG. A (A) Restriction map of cosmid f^<c*tfaJmng £>NA from S.i¥iridochwmogenes T05X(B) Detailed mapvof a DJ^A iragjncat GRF1, ORF2 (oviM), 
6kF3 (ov£Z>), and ORF 4' (avii) are marked as arrow$I Jine I indicates the seqi^nce&regrdn. The fragment which -haa been expressed in S. codicolor CH999 is shown 

v <:*.>zn cv lot* ; : ; ; 



M ■ 




,; b;7*b±j r *. 



j i ai&'itokm'$fc 'identify, to^ihe d^ifi»d^rf:-^digestton->shouid:.^ve identical 11-kb signals' from all three 
f&SS'dfj^ mutant*. As sto^ hV ftgi 4A^fhe Sbutnetfr'Slots were in 

* 2# aw< w ' ateordatt^^^ genotype 

y ■ Ihsertiona! Inactivation experiments, ^TpUest.whet^r, we * ^ rpf *wtant iS rSti <»n^mded to pattern A, whereas thos of 
r Jiad in fact cloned genes re^pqndble7or v ^^^an biosynthev 1 ^mutants ~*29 and -*7 corresponded t6> pattern B. None of the 
^ ^ej^jiP^ -three tnutan^^ 



. which dQ< 



aot^plicatein Str^tomyd&.'fyt 
.tAjfc'M^ subcloneo 1 

;;; mo p^^Suf^^ from 

? ; ^Iij40& c ^^ the gmfE gene ^as cloned jji to a AigBT site' 
ItKSafciiip die gene <m£ i^tiflff In pDeseiy^ This ftj^qyjtf 
.^to introdu^ki |^ & ; - ^ ^ 

; , ' j^ai^to^ton. 



oyer. 



Analysis of the phenotypes of mutants -^29, —7, and — L 
Mutants j -29,^ aid -^1-and the wild type were grown in 
liquid nVediuWfo^^ by 
^ and Methods. Dif- 

fo-a ; feeni ayilamyciiis. ali identified % their characteristic UV 
mycin-resistant s colonies "were ob- ^ spectra (X^ at 214 and 288 nm); were produced by the wild- 
tained. Thes^. colonies were allowed tospohtiaie, and spoffcs ^type strain (total a^la^dn^ontent, approximately 20 mg/Iiter 

> tected in extracts of mutants -29; -7, and -L 
■iv* Expression of onAf- iu S. Uvidans tFE24 and 5. coelicolor 
v CH95ft ASiS-kbft/lMgmeto 

(fi^gment H llug.,2]) was Jigated into p^VHM3 to creat 
. MSS43, in^ which aviM should be transcribed from th pro- 
moter of the thiostrepton resistance gene of pWHM3 and 
MSS4^; wMch con^ris w/A/in Qfe opposite direction to the 
. thit^eptcJ^esik^ce pi^ 
to. transform & coeUcofar CH999 and 5. Uvidans TK24. Cul- 
tures of Srcoelicohr CH999 and £ Uvidans TK24 containing 
pla&nria* pMSS43, pMSS4^, and pWHM3, were cultivated, 
and extracts were analyzed by TLC A XjV^uorescent com- 
pound turning red after treatment with anisaldehyde solution 
was detected in transformants containing pMSS4.3 but not in 
the transformants containing pMSS4 J or pWHM3. The com- 
pound was isolated from agar plates of £ coeUcotor CH999 in 
preparative scale as described in Materials and Methods and 
was fully characterized by nuclear magnetic resonance (NMR) 
spectroscopy in (^-acetone and mass spectrometry. This aro- 
matic compound was identified as orsellinic acid. Th 400- 



were ^leae^.a^^^ ^ 

PNA saniples' from, different transformants were screened by 
hybfidization, using a;i.6-kb Accl fragment containing the 
gene errnE as a probel TTifee mutants, in which genomic DNA 
hybridized to the probe, were selected. Genomic DNA derived 
from each transformant (-29, -7, and -1) was digested with 
either BamHl or BgQ an^ examined by Southern hybridca- 

tiefflur " ' n " ■ f •■' ; "•■ ' J - 

Tfte l&)& ert$E fragment described above and the j54-kb 
PCR jEragment containing parts of jayiE- were used as probes,, 
llie utfee m^tant$, buf not the wild type, gave a hybridization 
signal with errnE, showffg the integration of pDeseiy"*. This 
result >yas confirmed by hybridization signals detected froih all 
three mutants with a fragment f th vector pSK (data not 
shown). Integration of pDeseiy" by a single crossover event 
can take place in two different ways, as depicted in Fig. 4B. 
Using aviE as a prpbe, crossover between the SndEl and the 
Bgpi site will result in pattern A, which should give hybridiza- 
tion signals at 103 and 43 kb after BamHl digestion. Cross- 
over between the SnaBl and th EcoBJ site results in pattern 
B, from which bands at 9.4 and 5.8 kb ar expected 
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GAATXCGGCCQGGAOATOCGC 
B S A O R S A 



T C Q 



C1VCTI^1^TC«AACAC^ 

C -'I. jB E H X V R T O B t A P O D H 



A S 0 "H 1 _ _ „ _ _ _ ^ 

OHP1 (end) 

0RF2 (AviM) — > 

!T0GTOTCCA00CCC O TCCTIC > fl0TTCT^^ 
t V V S S A V X. 0 VLB 8 F D W 9 B * » 

GCAACGACGAACGGAATAIXXXXGT^^ — ^ ■ ~- -■- H H M * « 
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ACGTCCTGCAACICG 
V L Q £ A T 



A P Q 



95 



190 




GGVWSPGBPWD 
OG^CTT0C»ICCGCGCT2CGA7CCGGCeC 



T A O R W T V ,0 BMP p D R W E E Y R 
tfTaSCXCCGCCAOT^ 

» A. S 0 B P. Xj. 0 0 0 XA G FDABFF 

gftOSCqCAGCTGATOCACCCCCAa ^ ^ 
* B A„B.„L Q Q. A L.K L B V A .1| :Q A X. B R A G X P 



285 
380 
475 
570 



<XgOtf»OCCTCGCAC^ €m 

P H T J^*, --— T - 0 V V 6 T_ V D YGAGRL'BDLPNX D 

CGCAJGGAOJGGGATO^ 760 

A W T G I G A A ,V C A r V S B R V S H A L D L R 0 P S L S I 0 * A 
C GTO Cr CGGO CTCCCI GO TOQOQClOCAC A CCOOC^^ a5S 
_L C SA B L"y A L R T A A Q 8 L R L G E C T V A L A G G V H L L 
^^'^gfc^PQg^^ 950 
VSPGQTX A I* a T L A G X J X» A P OORS KPFAA S A G R T Jk 
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3 U3 C O G OTlCAA6 ClOQAOQ QGdGCA C C A AOSO^ 



1140 



1710 



S A F B ft 0 O R T N O I K A P C O Q. A Q 8 R V H 1 

=*B=CGACACCGTT^^ 1235 
«r « A O V A A DT V D F V B A K O T G T R X> O P P H BIG 

1330 

: v & o v i k. a V l "0 ^0^^^ 1423 

TOQQCCGGOCX^ACATOCG^ 15 20 
" A » 1 R L A T- R ' A- X. P W P S R p H 1 P * R A A V S O F O Y a 

COQCACCQTGGCCC R T O T GU^ 16 

0 T V A H V VLB Q A P T A P A R P A'P 8 FACT L J T? S^Ta 
CCTCeC O G gRG OCGMCOGYOACCBigG CBOe C »ft ^ T'*' gTO 7AGb5g^ 

S P 8 A L R 0 R A A A L A B R V B B G A 0 L A S.VOR.TLAH 

* O X. V * G A A L P D A O R P V W V P S 9 H -0 8 QlfTT^TB 
AACroCTGGAAGCCCAO<XGGTCTTCCCOGA^ 

" * L 8 A 8 P * * . A . 8 v 1 © B L S P V P X . 8 B X 0 P S P R Q H L 

^ al ^ < ^AGOGCOACCACACO0Jhi3<a^Ca^ -9 a an 
LBODBTBVDQ AQ T K X F A* H Q J, Q L A A' I'TTst??^ 

GTCrXjCU^tJSTCATCGGOCaCXOGGTaa^^ 21ft - 
JL , A A Y 1 g H ?V G B^T, A A vA VTACALTVTOGARLI CR 

CTAOOTOGCTGCTCCTSaWGAGOX X ^ ^a ^ ^ ^^^^^ M80 

»J ^ > ^ * B A A O RGABAXV3LPFD8AABBLAOB 
g U ^^ X ^ C< * a ^^ 2375 
XtAVVAAXASSTTSYVISGDFGBVBRVVGRWTfi 
CQaOgGOCTOGTqmC GGCGGG TOGCC^^ ^ 2470 

. V V V_?__?_ V A F B S F H K 0 P L £. 0 R L R A A A 0 B \ 
AOCXOACTCCqGCGCACCCC A CAO^ ^ 

' hi. 3 * 3 A p H , V T P L Y T T A 1» A D P R A. T V T A "0 O A Y B A A 

AACCXOOGCAACCCGGT G OU ^ TCng^ 2660 

P V _.. R * A A" A B D G B RAF V B> L S P B * : F " « V ■' ' V • - 

<»CGOU»OGATCCACO^^ 2755 

A_tf S X B B T L A B R 0 V B 0 V F V G " F T L R R B Q '** F ' B A R T F 

R A A V O A A B C B G V S V D W S A L Q P H Q V L B V L F F Y 



GcO .V A O S D ,L: R L 
AOATCGTCCCO GC C GC CQT GC T GOO SGT C 
I V P AAV L A 



ATOQQCQGOOQQCQAQCQQCbGaiflCQOQQCCAC^ <2S45 
*" * ° A 8 A A B R O B 0 V D S H T L L G T P 

^AGCA0GCTGGAOSAQiA<afla MCm ^^ 3040 

W J! — LI , JL ° P P g 8 »V PO B BAL»O VB 

^ y , ^^^^^Qg^^QG^SOO ^ ? 3135 

Ca»IOCTgP^»qCg^^ 3230 
PV J* T A0 O R Q X QVV R BO B V V R, LAS RTV ADAAD P 
GAACCCCGCCTGGCTCOTCCATOCOG^ 13as 
J> A W L V B A 8 A R T A A F 0 L A O U A A R S L L 0 P O B B R 
GGCTCaAACOGGCC^ MC C^-1^^ 3420 
- ..V s ^ A 0. F O L V S-.R RL ABV GVP S TOP OB 8 VBRL S 

-A- Q .L .G V L R„ A.,.Q ,V ..L.. S , F 0 A S ,..B. A , P L L D A V H S ■ tX A P A A 
^O^QWCCTCXXJGCACC^ 

JLJL^JL,!^! - L 8 K V VHVDBX TVDOTPP'BAATVBVAL 
^aSATCCCOGCGTOGCO G A CAC OGTGCaOQCCCT^ 310s 

D p 8 v A __ p _ T vK AX , VTD0BOm p VXSLR0 iTTT^vX 3705 

QACgCAQCCGGCCGCGOCXSgACRCCGAOG 3800 
; g- A 8 A A P ? T 0 . B P O . O 0 A D A 0 V V S F A O L S F B B L R S 

OOQSOTOCTCOACQACGTGOGCCACCACATOSCCC^ 3595 
8 I^ivP ' _Y: 8 8 0 ^ A Q B H B L APT ALB V REP L V B Q O L*~ 

0 * V V V R R R L B BRL 0 RDV P AN X F tf X L P T X 

AfiOGACATCGTOCXATCACCTOACCGAAOGCC^^ 4 085 
S 0 1 JLJLJt L T BRLTBBPTADGBAS* 

GO>OCCCACCGCGG^U\jAAAGGGOOGOgCCAGC^ 418 q 

HO. 3. Nndcotide sequence for the aitalyzed region. ORF1, tnmcated to 179 (TGA); ORF2, 178 (ATG) to 4057 (TGA) (1,293 amino adds); ORF3 4249 fATG> 
to 5314 (TGA) (355 amino adds); ORF4, 5367 (ATG) to 6432 (TGA) (355 amino adds). ATG start codons and TGA stop codons are in boldfz£^}bten^ml 
binding sites are ondenined. 
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CACT^KiQaa a cTfl aM r T ^ ^ 4275 

K K A I. I J» V O Q 

ctiBGAGoccsgira 

X.BAG I S 8 V 0 I V V G A T A A E I Q A SVQ DG A BP G LD 

OraXqTQACTTCCTOXa^^ 4560 
V T Y I 0 Q I> A P R 6 L .K D A V JL ,.V S R . O. / .,t , q, 0 p. D P.. V X Y 

4655 



I„ .0 Q.P A P R G L A D A V Js 



to a v y v v p ( 1 y ° * y * JL JL JLiL jL* JL r ^ i** V H L A * V A 

: J!r!J *r * * * ° V rv * J* -SL 8 I J L JLJ lL ^ J L^ 0 \. p "r>' » S D LAI 

TCGTOGG^ 4845 

Cafl TGG CT PO COfaqCACGGGCACGAC<a^^ 4940 
Q W t A O . H O H B V C S T V I D R Y W X D V / A S\V T D r V L B M N 
CCCXSCACXrft X rrC CA GT^^ 5035 

AGM^CGGC^ 

AACT CC C CO CTfrOOG^^ 5225 
If C R V A a $ B X Q Y S H I L , h R' O ' A S, I B. G V,;* R,r V R v D S V X G 

' - 5320 

R B * 8 V H A A ( P R * S »^ A ft R L V L G O. te y B R. <V V ^ V « O, • 

OR/I (AvlB) -» - 

" — — — - — 54X5 

K- R D O 3 ; A& 0>. A Be R O R H. V X, V I 

5510 

° c ~ * -J?_J* v r Q - 3 ^9"_ **_ _Y_ * " V R -P/- q JJ p ^ a ? y v ; l *p ,,r i, t y 

. 

CSpCCACg A TC TC GT CC T CA ACTTOT^ 5700 

jjr ; Hp' t» v : "w • > A ■ VJJ^S Xv- Q: R L S; LJLiJ^i^L* 5 *Lll r * Ti Hx v -9— ?_-Y 

5795 

fi^fp^* ^ 5385 

' p i, jr or © g o ^j^j^j? Jii ^ iLJ L ^ D H * * m ? •* * „ * E 11 6080 

V o v'p o , o t \ h, r a." b)/ a » ii ^ ' » ii b? l t o q l d a- i. a a o w 

GGAGgGGQTC^ AG^jy^ 

TOKaG^JJ^ACgAAO^ $365 
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FIG. y-rConHmted: 



MHz *!! NMR spectrum show tvw resonances ft»5-H fi^6 ^= x^ 4,6^^dmtases,areiflvoIved in the biosynthesis of several 

Hz). ITie me^lfit^^lo(»^^i ^B, both involved in the biosynthesis of dTDP-4- 

relative nucJearOverhauser effect (16%) with '5-tt In addition, T • i&eto-6-deo5Qfglucose in & griseus, indicates that these genes are 
three exchangeable J J*b*05S ^at 620 to 553 ppi^W lit ^arfy stqps of the biosynthesis of 6-deoxyhexose$, 

332 ppm (s, 1H) were detected; The constitution of the com- ^ • which are components of the avikamycins. Insert! nal inactiva- 
pound was further prqve^ by. recording of a ^QNMRl^ecV r ^ ^ tionxexpexiinents confirmed the involvement of these genes in 
trum (8 = 174.9 [COjHJ, 167,1 [C-4], 163.2 [Q-JEfe 145.1 ,(C-1],.. ; "tti^ biosynthdsis:of avilaAsydns. The integration of pDesery" 
1110 JL01.6,[C3], ^105,9 [CSQ^24*5 [CH3] ppm) iM% ■ mto^the genbme'disrupted a franscription unit with aviD, aviE, 

MS (EI) spectnim^^ . v= :> A >j ft«4^^'f^^^Hu,^ — *rui« — 1 

Approximately 30 ' mg of orsellinic acid was produced from 
20 agar plates (400 ml of medium), an amount .comparable to 



the yield for 6-methyIsalicylic acid production in S. coelicolor 
CH999 (4). / J " '\ : 

v " DISCUSSIpN 

Considerable progress has b^en pacte, recently in clarifying 
the molecular genetics of polyketid antibiotic biosynthesis in 
actinomycetes. These studies have led to the development of 
novel polyketideSj which were obtained by mixing biosynthetic 
genes of different biosynthetic clusters and functional expres- 
sion of these gene s ts in a special host strain (19, 20). One of 
the areas that remain to be explored is the molecular basis for 
the biosynthesis of glycosylated compounds and especially of 
oligosaccharide antibiotics. In our study, three genes located 
on a cosmid prepared from genomic DNA of S. viridochromo- 
genes TQ57 have been isolated and s quenced It has be n 
shown previously that dNDP-hexose synthases and dNDP-hex- 



and further gepes loc^&d "downstream to aviE. This resulted in 
tiie abolition of avilamycin production. 

Polyketi^e isyntHases have traditionally been classified as 
iteratiye polyketide synthases and modular polyketide syn- 
thases; iterative polyketide synthases have been classified as 
type f or: type n on the basis of the. structural organization: of 
the enzymes. Type I enzymes consist of multifuncti nal pro- 
teins in which individual active sites occur as domains, as ex- 
emplified by an MSAS from the fungus P. patulum. Type U 
enzymes consist of several separate monofunctional proteins. 
These proteins are involved in the production of aromatic 
compounds such as actinorhodin, granaticu^inid tetracenomy- 
cin. In contrast, modular polj'ketide synthases consist of sev- 
eral domains, each containing a set of activ sites, required for 
one step in carbon chain assembly and modification. Modular 
polyketide synthases are exemplified by a 6-deoxyerythronol- 
ide B synthase from Saccharopofyspora dythmea (18). 

The orsellinic acid synthase reported here, which is the gene 
product of avihf, is a multifunctional protein belonging to 
iterative polyketide synthase type L The overall homology 
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-*i?£ ^e^P^i 3 ^"^? 1 ^ of the wild-type frtf) S. vtidochomogcn* T057 and of mutants -29. -7, and -1 was digested 

™*^HT(B) and^n (Bg) and probed with' the gene (I) and aiiE (II). Lane M, V/&idm markers (DIG labeled); lane K, pDesery" restricted wfth *K 
(B) Possible patterns of Integration of pDeseiy" into the genome of S. viridochromogenes T057 by single crossover events 



(37% identity) to the MSAS from P. patulum (3) is not veiy 
high but still significant Motife resembling acyi carrier proteins 
(ACPs), p-ketoaxylACP synthases, and acetyKtoA/malonyl- 
CoAtACP acyltransferase are detected in the orsellinic acid 
synthase; all of these motife have also been detected in the 
MSAS (Kg. 5). As n keto reduction is necessary for the 
production of drsellihic acid, th absence of a ketoacyl r duc- 
tase motif in the orsellinic ^cid synthase was expected A fur- 
ther motif in the MSAS resembling dehydratases has not been 
described, but it might be located between amino acids 1216 



and 1383 of this protein. This part shows some homology to the 
dehydratase motif in the 6-deaxyerythronoffiie B synthase 2 
from Saccharopofyspora erythraea (data not shown), and as 
expected, this part is missing in AviM (Fig. 5). Unlike animal 
fatty acid synthases, MSAS and AviM do not harbor thioester- 
ase domains. 

The production of orsellinic acid after expression of aviM in 
$. Uvidans TK24 or S. codicolor CH999 clearly confirmed the 
function of aviM. To our knowledge, this is the first type I 
polyketide synthase isolated from bacteria which is abl to 



